A set of CdTe films grown by the CSS method were annealed in aCdCl 2 atmosphere of during 5 min at 345, 365, 385, 405, 425, 435, 445 and 455 C. The films were characterized before and after annealing by the SEM, EDS, X-ray, optical absorption and photoluminescence (PL) techniques. As the annealing temperature is increased a tendency to improve the Cd/Te ratio is observed. After the thermal treatment at 430 C the films reach the stoichiometry. A deviation from stoichiometry appears again for annealing temperatures higher than 430 C. The PL spectra of the films at 6.5 K exhibit two emission bands, one corresponds to the defects energy levels band (1.4-1.5 eV) and the other is located in the interval from 1.564 to 1.584 eV (pA). For annealing temperatures higher than 430 C an increment in the intensity and energy position of pA is observed, while for annealing temperatures less than 430 C the behavior is irregular. In the emission mechanisms of pA the expected impurities and/or native defects in the material such as the V Te , V Cd Cl Te , Cd Te and Cl Te are involved.
Introduction
CdTe is a material that has attracted growing interest due to their applications in solar cells, because it has a theoretical efficiency of 29 %, a direct energy band gap of 1.45 eV, and an optical absorption coefficient greater than 10 4 cm -1 [1, 2] . CdTe/CdS solar cells with an efficiency of 16.5 % have been produced with polycrystalline CdTe thin films, but the efficiency in big modules is considerably smaller [3] [4] [5] . It is known empirically that, a pos-deposition thermal treatment of CdTe in an atmosphere of CdCl 2 (or HCl) improves the efficiency of the device, however the exact mechanism of the process is not yet completely known.The thermal treatment in an atmosphere of CdCl 2 is associated with a recrystallization, interdiffusion at the CdTe/CdS interface, and with a decrement of the series resistance [6] [7] [8] [9] . Complete devices with the same pos-deposition annealingin a CdCl 2 atmosphere have reached efficiencies around 11.6% [10] . The simplest way to study the posdeposition effects of CdCl 2 or Cu atmosphere on CdTe is when this material is deposited in the form of thin film on glass substrate. In this work, we study the effects of the CdCl 2 atmosphere on CdTe thin films by the techniques: scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), optical absorption, and photoluminescence (PL).
Experimental
The CdTe films were grown on glass substrates by the close spaced sublimation (CSS) method with the following deposition conditions: pressure (10 mbar), source temperature 600 C, substrate temperature 550 C, carrier gas proportion O 2 :He (1:4), source and substrate separation of 2 mm, and deposition time of 3 min. For the pos-deposition thermal treatment a source of CdCl 2 (99.99%) was employed using a system similar to the one used in the CdTe growth process. The SEM and EDS characterization was performed with a JEOL (JSM-5400LV) system coupled with a Noran (Quest) spectrometer. The structure of the films was studied using a Rigaku X-ray diffractometer using CuK  radiation (1.54056 Å). The absorption spectra were measured at room temperature using an IR interferometer BRUKER-EQUINOX 55. For the PL analysis, the samples were placed in a cryogenic refrigerator and the spectra were recorded at 6.5 K. The sample was excited with the 488 nm line of an Ar + laser. A SPEX 1000 M monochromator with ± 1 meV resolution was used for the spectral analysis. A GaAs photomultiplier was used for signal detection and the data were processed using a DATASCAN computer-controlled system. Figure 1 shows the surface morphology at X7500 magnification of the as-grown CdTe film, and of the annealed films at 350, 430, and 460 C, which are representative of the samples set. As can be observed the CdTe films are polycrystalline, at the higher annealing temperatures the grain boundaries tend to disappear, a partial fusion of the grains is observed with a consequently increment on the grains size. This behavior is in accord with previous reports which point out that the recrystallizationis enhanced by the CdCl 2 source and temperature [10] , i.e. as the annealing temperature increases the Cd content is increased in the films, promoting in this way the fusion and growth of the grains. This proposal is confirmed by the EDS analysis. As it can be observed the atomic ratio presents a maximum, which coincides with the stoichiometric value of CdTe [11] , and it corresponds to the CdTe film annealed at 430 C. The rest of the films have a deviation from stoichiometry with Te excess. As the source temperature of CdCl 2 increases the Cd incorporation in the films also increases, compensating the Te excess and reaching the stoichiometry. This confirms the proposal of the SEM analysis. However, for annealing temperatures higher than 430 C the atomic ratio Cd/Te of the films decreases again, and the films once again present a Te excess. This behavior is probably due to the conditions of pressure, carrier gas flux and annealing temperature, which promote the Cd evaporation from the films, even though the recrystalization process continues. The X-ray diffraction patterns of the CdTe films annealed in a CdCl 2 atmosphere at different temperatures are shown in Fig.3 . The spectra were obtained by scanning 2in the range 20-78°, with a grazing angle equal to 1.0°. The XRD pattern shows the characteristic peaks of the cubic zincblende structure and the preferential orientation of the grains for the (111) plane. The CdTe samples have a cubic zinc-blend structure with a strong preferred orientation along the (111) planes parallel to the substrate. For the samples annealed at T450 ºC the formation of oxides of cadmium and tellurium such as CdO, TeO x and CdTe y O x is evident as we can see from the spectra (Figure 3 with highlighted arrows), this is due to the system is kept in an atmosphere of He 2 +O 2 [13] . In the case of samples annealed at T430 ºC the oxide peaks were not observed]. The lattice parameter, a o , of the samples were calculated from the peak positions in XRD patterns and using the method developed by Nelson and Taylor [13, 14] . The lattice parameter a o of different CdTe films annealed in a CdCl2 atmosphere at different temperatures are shown in Fig. 4 . For the asdeposited samples, the value of a o (a as-deposited = 6.479 Å) is less than the powder sample (a powder = 6.481 Å ), which suggests that the as-deposited film is submitted to a tensile stress in the plane parallel to the substrate surface. This stress is caused by the lattice mismatch and differences in thermal expansion coefficients between the CdTe film and substrate. It can be seen that the lattice parameter has a dependence on temperature, the lattice value decrease and reaches a minimum value at T=370 °C, then increases reaching a maximum value at temperature between 390 and 410 °C and then again decrease to reach a minimum value (6.471 Å) at T=470 °C. This behaviour suggests that the films throughout heat treatment are under tensile stress. In the figure, the first point corresponds to the as deposited film. The dotted straight horizontal line corresponds to the stress free value of the lattice constant. [15] .This behavior could be explained by considering that the bottom of the conduction band levels arepartially filled with electrons coming from donor defects or impurities levels which have been thermally excited, and the acceptor defects or impurity levels get fill from electrons coming from the valence band top. So, the electron transitions happen at an Eg op greater than the correspondent to CdTe bulk. On the other hand, as the annealing temperature increases an increment on the Eg op values is observed, then a decrement and afterwards an increment is observed again. The minimum Eg op value is obtained for the thermal treatment at 430 C, and it corresponds to the stoichiometric film. As it was observed in the SEM and EDS results, the thermal treatments produce changes in the morphology and in the atomicratio, consequently the concentration of defects and impurities will be modify, therefore the carriers concentrations in the bands, the filling of the impurity levels and the Eg op values will change as well [16] . By considering that, a stoichiometric CdTe film hasthe least possible defects and impurities concentration, it isreasonableto think that this situation corresponds to the CdTe compound with the smallest Eg op value. The PL spectra measured at 6.5 K and constant excitation of the as-grown samples and of the thermal treated in aCdCl 2 atmosphere as well are shown in figure 6 . Two bands, one in the region from 1.4 to 1.5 eV, which corresponds to the well known defects band of CdTe (DB) [17] , and the other in the region close to the Eg op value (IB), are observed in the spectra.In general, the peaks position and intensity associated to the IB band present a minimum for the thermal treatment at 430 C (see figures. 7a, 7b), while the DB band exhibits an irregular behavior. The DB band is conformed by the superposition of several transitions and phononic replies [18, 19] , which involve defects and impurities, therefore the anomalous behavior can be explained by taking into account that, a variation of both defects and impurities concentration exists, and consequently the lines at low energy corresponding to recombination processes dominate for some temperatures, while for other temperatures the lines at high energy dominate. In this competing process the peaks will shift according to the domination degree. A similar situation occurs for the IB band, but in this case the spectra correspond to isolated lines, since shoulders can not be observed at first sight, i.e. only one type of impurity is involved. The identified emission mechanism and the type of impurities and complexes involved as well as listed in Table 1 indicate that the pos-deposition thermal treatments modify their concentration continuously. 
Results and discusion

Conclusion
The results show that the pos-deposition annealing in an CdCl 2 atmosphere modify the morphologycal, structural, compositional and optical properties of the CdTe films. So, the annealing process allows to control the energy of the optical band gap, the Cd/Te atomic ratio, the emission mechanisms, and the defect and impurity concentrations. The CdTe film annealed at 430 C exhibits properties close to that of monocrystalline CdTe with low defect and impurity concentrations.
